summary. To measure pH in platelet concentrates, blood gas analysers with different calibration principles may be used. In this study, variances observed in pH measurements with two types of blood gas analysers were investigated. pH was measured in crystalloid solutions (platelet additive solution (PAS-II), phosphate-buffered solutions) and two types of platelet concentrates (containing 100% plasma, or 65% PAS-II/35% plasma) with two blood gas analysers: either using liquid and gas calibration (AVL 945), or only liquid calibration (AVL OMNI). These measurements were compared with a reference method. Especially for PAS-II, large variation in pH was observed between AVL 945, AVL OMNI and the reference method: 6´91^0´02, 7´35^0´02 and 7´188^0´010, respectively (mean^SD; n 12, P , 0´0001, paired t-test). A significant difference in pH was also found for platelet concentrates in 65% PAS/35% plasma (6´88^0´09 on AVL 945 and 7´02^0´09 on AVL OMNI, n 134, P , 0´0001). Comparison with the reference method revealed minor differences with AVL 945, whereas AVL OMNI gave a mean difference in pH of 1 0´17. Platelets in 100% plasma revealed smaller differences (6´93^0´13 for AVL 945 and 6´99^0´13 for AVL OMNI, n 95, P , 0´0001). We conclude that different blood gas analysers can yield different pH values, especially in weak buffered solutions such as platelet concentrates in PAS-II. Validation of blood gas analysers for pH measurement of these solutions is therefore mandatory.
Platelet concentrates are usually stored for several days after collection with constant agitation. As a storage medium, plasma can be used, or the plasma can be partly substituted by a platelet additive solution (PAS), for example PAS-II (Van Rhenen et al., 1995; Klinger et al., 1996) . During the storage period the platelets consume nutrients and, especially under hypoxic conditions, acid metabolites are produced, inducing a deterioration of the storage medium (Murphy et al., 1982; Kilkson et al., 1984; Bertolini et al., 1993) . The acidification of the medium is accompanied by a change of the platelet morphology from discoid to spherical (Fratantoni et al., 1984; Solberg et al., 1986; Bertolini et al., 1989) . Below pH 6´8, most platelets become spherical, and below pH 6´2 this shape change seems to become irreversible (Solberg et al., 1986; Holme et al., 1997) . This shape change is strongly correlated to a decreased functionality and survival of the platelets in vivo (Kunicki et al., 1975; Murphy et al., 1982; Holme et al., 1997 Holme et al., , 1998 .
Consequently, pH measurement is regarded as a good in vitro monitoring system for the in vivo quality of platelet concentrates during storage (Murphy et al., 1994) .
Blood gas analysers are usually preferred for pH measurement, because a closed system is used to measure pH, pO 2 , pCO 2 and bicarbonate (HCO 3 2 ) in a small sample. A further advantage is the automated calibration of the analyser. Blood gas analysers can use different calibration systems: pH can be calibrated with liquid buffers or with gas-equilibrated solutions. pO 2 and pCO 2 can be calibrated with gases, used by one of the analysers in this study, or with gas-equilibrated solutions. Also, blood gas analysers are available using liquid calibration for pCO 2 , also described in this study.
Large variances were observed when pH of PAS-II was determined using the two types of blood gas analysers, namely the AVL 945 blood gas analyser (gas calibration) and the AVL OMNI blood gas analyser (liquid calibration). Both analysers are produced by AVL Medical Instruments AG, Graz, Austria. The aim of this study was to investigate these differences further. Also, we wanted to verify whether the calibration and measurement system of the blood gas analyser is of influence on the pH measurement in platelet concentrates, stored in either 100% plasma or in a mixture of about 65% PAS-II and 35% plasma.
MATERIALS AND METHODS

Blood collection and centrifugation
Whole blood (470 mL, range 405±495 mL) was collected from random donors in a triple top and bottom bag with 63 mL citrate±phosphate±dextrose (CPD) as anticoagulant, and in one satellite bag 100 mL saline± adenine±glucose±mannitol (SAG M) as additive for the red cells (Compoflex, NPBI, Emmer-Compascuum, The Netherlands, art. no. T2777). All whole blood donations were cooled to 20±24 8C within 2 h and subsequently stored for 16±20 h at 20±24 8C under butane-1,4-diol plates, as previously described by Pietersz et al. (1989) .
Following centrifugation for 10 min at 2960 g (28 000 gmin) in a Beckman J6M centrifuge, a plasma, a red cell concentrate and a buffy coat (BC; volume 50^5 mL, haematocrit 0´40^0´05 L L
21
) were produced using Compomat G4-equipment (NPBI; as described in detail by Van der Meer et al. (1999) ).
Platelet concentrates
Platelet concentrates in plasma. Five BC were pooled into a 300-mL pooling bag (NPBI, P4189). Next, 200 g plasma from one of the donors was added. The units were then centrifuged for 8´3 min at 345 g (acceleration 7, brake 0; 3550 gmin) in a Beckman J6M centrifuge. In a plasma extractor the platelet-rich plasma was expressed through an Autostop filter (Pall Biomedical Ltd, Portsmouth, UK; ATSBC) to a 1-L polyolefin storage container (NPBI, P4110). The platelet concentrates were then stored on a flat bed shaker with gentle agitation (Melco, Glendale, CA, USA) in a climatecontrolled cabinet (Forma Scientific, Breukelen, The Netherlands) at 20±24 8C.
Platelet concentrates in PAS-II. Five BC were pooled into a 450-mL pooling bag (NPBI, P4164; and 250 g PAS-II (Baxter, Maurepas, France; RDB7846, containing 2´94 g L 21 sodium citrate.2H 2 O, 4´09 g L 21 sodium acetate.3H 2 O and 6´75 g L 21 sodium chloride) was added. This resulted in a ratio of about 65% PAS-II and 35% plasma (originating from the BC). After centrifugation at 1000 g for 2´3 min (2035 gmin) in a Beckman J6M centrifuge, the platelet-rich supernatant was expressed through an Autostop filter, and subsequently stored in a 1-L polyolefin bag, as described above.
Sampling for pH measurement. Samples were taken from these platelet concentrates up to day 9 after blood collection using a syringe and a sample site coupler. Air bubbles, if present, were immediately expelled, and the syringe was quickly capped with a rubber stopper.
Crystalloid solutions
Besides PAS-II, two other crystalloid solutions with buffering capacity were used to study the pH measurement of the blood gas analysers: Buffer Type 1 (AVL, Graz, Austria, art.no. BP0136) and Buffer Type 2 (AVL, BP0137). These phosphate buffer solutions are normally used for calibration of blood gas analysers, and have a pH of 7´383 and 6´841, respectively. pH measurement on two types of blood gas analyser
In this study, pH measurements were performed at 37 8C on an AVL 945 blood gas analyser, and on an AVL OMNI blood gas analyser.
AVL 945 blood gas analyser. The AVL 945 is using a combination of liquid and gas calibration for pH measurement and determination of pO 2 and pCO 2 . In this analyser, a small sample is injected, and some liquid potassium chloride (KCl) is added to the sample in order to complete the electric circuit between the pH electrode and the reference electrode. The potential difference between the pH electrode and the reference electrode is measured, and the pH is then calculated from the difference between the measured potentials of a known calibration solution and the sample, using the Nernst equation (Maas et al., 1987) . From this equation the relation between the pH and the negative logarithm of the activity of hydrogen (H 1 ) ions can be deduced. For pCO 2 measurement the blood gas analyser is calibrated using two gases:`calibration gas 1' with 5´5% CO 2 in air; and`calibration gas 2' which is prepared by mixing approximately 5% CO 2 by volume with calibration gas 1', resulting in a calibration gas with 10´5% CO 2 in air. The CO 2 electrode consists of a pHsensitive electrode, and contains an electrolyte solution. The membrane of the CO 2 electrode is permeable for CO 2 , but not for other electrolytes. Diffusion of CO 2 causes a pH change in the electrolyte solution within the electrode, and is measured by the pH electrode inside the CO 2 electrode. This pH change is proportional to the pCO 2 in the sample.
AVL OMNI blood gas analyser. For the calibration of the AVL OMNI, no gases are needed. The calibration of pH and pCO 2 is performed by mixing two liquids, one containing the acid components, the other containing quantities of carbonate (CO 3 2± ) and bicarbonate. pH and pCO 2 are measured as described for the AVL 945 system. Both blood gas analysers are 24 h stand-by for (emergency) determinations in patient samples. Calibration is performed when the analyser has been turned on', and then automatically every 1, 2 or 3 h, depending on the machine setting.
Quality control data showed that the day-to-day variation in pH measurement of the same sample (phosphate buffers mentioned above) was^0´01 on both types of blood gas analyser.
For routine blood gas analysis the blood sample can be obtained in a 1-mL syringe. For patients, measurements are done as soon as possible, but within 1 h after blood collection. Otherwise, to prevent gas exchange (release of CO 2 ) and to reduce cell metabolism (generation of CO 2 ) the samples should be stored on ice. Prolonged storage of the samples at room temperature would result in a change in pH (Rhamy, 1998) .
In this study, all measurements were performed according to the manufacturer's instructions, at 37 8C. The study was performed in a paired set-up: samples were first analysed on the AVL 945, and within 1 min the same sample was analysed on the AVL OMNI, or vice versa. These measurements were performed within 1 h after sampling of the platelet concentrates.
The lower limit of detection of the AVL 945 is a pH of 6´5, which is adequate for measurement of pH in patient samples. Platelet concentrates, however, can have a much lower pH. In this study a number of samples after several days of storage had a pH below pH 6´5 on the AVL 945, and were therefore not taken into account for this study, as well as the value of the paired sample measured on the AVL OMNI.
pH measurement using the reference method
For reliable and precise pH measurement in blood samples, a method was developed and approved as a reference method by the International Federation for Clinical Chemistry (IFCC). Due to the use of primary reference materials with highly standardized properties, a highly accurate pH measurement can be obtained. This method is described in detail by Maas et al. (1987) .
For comparison of the pH measurements on the blood gas analysers with the pH of the reference method, samples from the platelet concentrates were drawn and analysed on the AVL 945 and the AVL OMNI. Then, the platelet concentrates were stored at ambient temperature and transported to a reference laboratory. Samples were drawn and immediately measured with the reference method, within 4 h after measurement on the AVL blood gas analysers. As recommended, the pH was measured in triplicate at 37 8C, and accepted only when the differences between the triplicates were , 0´01.
Statistical analysis
All results were stored into a personal computer. Data were compared using the Excel program (version 7´0, Microsoft Inc) for statistical analysis. The t-test for paired samples was used; a P-value , 0´05 was considered to indicate a significant difference.
RESULTS
pH measurement in crystalloid solutions
The differences in pH measurement between the two types of blood gas analysers were most pronounced in PAS-II, as shown in Table 1 . All measurements of PAS-II on the AVL 945 were lower than those on the AVL OMNI. The median difference in pH of 0´47 (range 0´39±0´55; n 12) is the distinction between acceptance and rejection of the product, since the PAS-II should have a pH in the range from 7´0 to 7´4. By measurement at 37 8C with a pH electrode of the same type that is used by the manufacturer to check and adjust the pH of the additive solution a value of 7´18 was found.
For the two phosphate-buffered electrolyte solutions minimal variations were detected between AVL 945 and AVL OMNI, within the expected day-to-day variation.
pH measurement in platelet concentrates, prepared with PAS-II
We also compared pH values of platelet concentrates containing 65% PAS-II and 35% plasma. Again, a significant difference was found between AVL 945 and AVL OMNI, as shown in Table 1 . The difference is considerably smaller than for the additive solution without plasma and platelets, but still highly significant. In all 134 measurements the pH was higher on AVL OMNI compared to AVL 945, with a median difference of 0´14 (range 0´00±0´24).
pH measurement in platelet concentrates, prepared with 100% plasma
To investigate whether variation in pH measurements was only caused by PAS-II, or that plasma also had an influence on the pH results, the pH of platelet concentrates in solely plasma was determined on both blood gas analysers. These results are shown in Table 1 . The AVL OMNI measurement was higher in all 95 measurements compared to the AVL 945, and gave a median difference in pH of 0´06 (range: 0´01±0´12). This difference is smaller than that of pH in platelet Variation of pH-measurement 51 concentrates in 65% PAS-II, or pH in PAS-II solution, but still the results of AVL 945 are significantly lower.
pH measurement using a reference method
From the previous results, it could not be concluded whether the AVL 945 pH values were too low, or the AVL OMNI values were too high. Therefore, measurement using a reference method was performed, which by definition gives correct pH values.
Twelve samples of PAS-II and 12 samples of platelet concentrates in 65% PAS-II were measured within minutes on AVL 945 and AVL OMNI and (due to practical limitations) within 4 h with the reference method. These results are presented in Table 2 . The reference method almost precisely gave the expected value for PAS-II. The triplicate measurements showed a median difference of 0´005 (range 0´001±0´008). The pH of the reference method and of the AVL 945 gave nearly identical results; we think that the small difference in pH of 0´03 can be explained by the 4 h hold of the platelet concentrate before measurement with the reference method: the platelets produce CO 2 and lactic acid, thereby lowering the pH inside the storage container when they are not agitated.
The AVL OMNI gave uniformly higher values compared to the reference method. This difference appeared to be quite constant: on average 0´16 for the additive solution and 0´17 for the platelet concentrates in additive solution.
DISCUSSION
The measurement of pH in platelet concentrates is widely used as a parameter to ensure the quality of (stored) platelets. The results of this study, however, show that differences in calibration and measuring systems of the pH equipment can greatly influence the outcome of these measurements.
Large variances in pH results were observed using a blood gas analyser using both liquid and gas calibration (AVL 945) and a blood gas analyser using liquid calibration only (AVL OMNI). Comparison with a reference method revealed that both for the additive solution and the platelet concentrates in additive solution, AVL OMNI gave values that were much higher than the reference method. The AVL 945 gave values that were lower for the additive solution, but about equal for the platelet concentrates in additive solution, compared to the reference method.
We hypothesize that more than one mechanism could account for these differences. A first mechanism may be the so-called`memory effect' (Maas et al., 1987; Vogel, 1989 ) that induces differences only for weak buffered Table 2 . Comparison of pH measurement, using two types of blood gas analyser, and a reference method. The pH of a platelet additive solution, and of platelet concentrates in 65% additive solution/35% plasma was determined. Results are shown as mean SD and a paired t-test was used to compare differences between the measuring devices AVL 945 AVL OMNI Reference method PAS-II (n 12) 6´91^0´02 7´35^0´02 7´188^0´010 Platelets in 65% PAS-II (n 12) 6´73^0´18 6´87^0´17 6´702^0´213
all P , 0´0001, except platelets in 65% PAS-II: AVL 945 vs. reference method P 0´005. solutions. The memory effect is generated by a previously measured strong-buffered sample/calibration solution, and may influence the measurement of the next weak buffered sample. Apparently, this effect is only present in the AVL 945, and when a weak buffered additive solution is measured: the presence of 35% plasma in the platelet concentrates has sufficient buffering capacity to counteract the memory effect.
Washing the measuring chamber of the blood gas analyser with a neutral rinsing solution can reduce the amount of carry-over, but the completeness of removal of the previous sample has to be weighed against the duration of the cleaning process. The calibration liquids of the AVL OMNI blood gas analyser can more easily be rinsed out, compared to the calibration gas of the AVL 945, thereby giving a stronger memory effect.
The following mechanisms might further add to the higher pH values found in the AVL OMNI analyser: (1) Different KCl concentrations in the salt bridge of the pH measuring system generate various electrical potential differences in the measuring system and therefore various pH values (Vogel, 1989) . (2) The formulas and correction factors to calculate the pH in well-buffered (patient) whole blood samples may not be adequate to calculate pH in weak buffered additive solutions. (3) The response time, that is the time to establish an equilibrium between the reference and the pH electrode in order to give the correct pH value (Winckers et al., 1978) , may be longer for a weak buffered solution compared to a well buffered solution. It is difficult to establish which of these three (or any combination of these three) items is causing the pH variation. They are touching on (pending) patents and company secrets, which make it difficult to explain precisely the variation in pH measurements that have been observed.
Validation of blood gas analysers if used for measurements of pH in other blood products than whole blood is therefore an important issue, and a reference method is needed to have a`gold standard'.
The measurement of pH in platelet concentrates can be the decisive factor for rejection of the product or for acceptance of a new preparation procedure. Based on an erroneous pH measurement, individual platelet concentrates but also a whole production method or a new medium for platelet storage may incorrectly be rejected or accepted. To illustrate this, we evaluated pH measurements of stored platelet concentrates in additive solution (unpublished observations, quality control data, Blood Bank North Holland). The measurements were done at day 6 of storage using the AVL OMNI blood gas analyser. The pH was on average 6´94^0´16, and 18% of the units had a pH , 6´8, and were rejected. However, if the results are adjusted for the deviation of 20´17, as compared to the reference method, the average pH would have been 6´77^0´16 with a rejection rate of 47%, indicating the significance of a correct pH measurement.
Also, it must be considered that, when results are being published on pH measurements, the pH analyser must be precisely described (name and type of blood gas analyser, manufacturer). Only when these items have been addressed is it possible to compare different studies.
In conclusion, we have strong evidence that not all blood gas analysers are suitable for pH measurement in weak or unbuffered solutions, such as additive solutions for blood products. The differences were first discovered and further investigated using blood gas analysers produced by AVL, but it is probable that blood gas analysers produced by other firms also may yield differences when measuring weak buffered solutions. Therefore, we recommend that blood gas analysers be validated for measurement of pH in various types of blood, blood products and additive solutions, but especially if used for pH measurement of cellular products suspended in weak buffered additive solutions. An approved reference method should preferably be used as a`gold standard' for the validation.
